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SUMMARY
 
Laminar or slow mixing is required in many process industries such as pharmaceutical, food 
and polymer to avoid over-shearing of products. The problem of inefficient mixing in stirred 
tanks is associated with the formation of isolated mixing regions (IMR structures or IMRs) in 
high viscous liquids and it usually occurs between low to moderate Reynolds numbers. These 
IMR structures cause substantial material and financial losses to process industries. Recently, 
several researchers have investigated the presence, location and size of IMR structures and 
proposed various solutions to eliminate these structures. However, the knowledge on the 
phenomena of IMRs in complex fluids and the practical techniques required to destroy them 
is lacking. Therefore the present work aims to investigate the effect of impeller speed 
modulation on the behavior of IMRs. It is also aimed to study the influence of tank impeller 
geometries on the behavior of IMRs by varying the tank size, baffles, and impeller type.  
 
Experiments were carried out in two cylindrical tanks of 0.39 and 0.19 m diameters using 
glycerol (a Newtonian liquid) as the liquid phase. A standard 6-bladed Rushton turbine was 
used in the 0.39 m tank whereas a number of axial and radial flow impellers were used in the 
0.19 m tank. Standard wall baffles and modified baffles were employed only in the 0.19 m 
tank. An acid-base reaction was used to observe the formation and degeneration of IMRs. A 
fluorescent green dye was used as a passive tracer to enable flow visualization of IMRs. 
Experiments were carried out using steady state impeller speed and different impeller speed 
modulation. Two wave forms, namely square and sine were used in speed modulation. Both 
amplitudes (Remax and Remin) and the wave period in the speed modulation protocols were 
varied to investigate the effects of unsteady stirring on mixing performance. The size and the 
volume of IMRs were determined using digital video images captured during the mixing 
process. The dimensionless mixing time Ntm, which corresponds to the disappearance of 
IMRs, was determined using the video images obtained at various time intervals. 
 
Experimental results show that laminar mixing under Re < 100 could be enhanced using 
impeller speed modulation by changing both amplitude and wave period appropriately. The 
IMR structures disappear in less than 15 minutes when the impeller speed is modulated using 
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square wave form with larger amplitude and shorter wave period. Especially, using shorter 
wave period or frequency modulation yields better results than that obtained with mere 
amplitude fluctuation. Speed modulation using sine wave protocol also helps to decrease the 
volume of IMRs. However, IMRs do not disappear completely under this protocol due to 
relatively slow diffusion mechanism. They reach an asymptotic value and remain at that 
condition even after several hours.  
 
The study carried out to investigate the effects of impeller and baffle types in 0.19 m tank 
shows that the use of a pitched blade impeller with 4 alternating pitch blades leads to smaller 
IMR structure volume and shorter mixing time as compared to those obtained with 4-blade 
disc turbine. The use of wall baffles under steady-state operating conditions only helps to 
reduce the volume of the IMRs (up to 95% of total tank volume) even after several hours of 
mixing. However, the use of modified baffles placed between the tank wall and the impeller 
effectively prevents the formation of the IMR structures. 
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CHAPTER  
1
 
 
INTRODUCTION 
 
 
 
 
 
 
In this chapter, the problem statement and justifications for this 
research are provided. The main objectives of this work are 
stated. The organization of the thesis is also presented. 
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1.1   Introduction 
 
Mixing plays crucial role in the success of many process engineering operations. In many 
operations, the quality of the final product is a function of the effectiveness of the mixing 
process. The goal of mixing is to eliminate segregation and achieve uniformity of 
composition within a flow process. Often in many operating systems, the presence of isolated 
mixing regions (IMRs) or segregated zones, especially under laminar flow regime, can be 
unavoidable if the liquids are very viscous or shear-sensitive. Laminar mixing can be found in 
pharmaceutical, food, biotechnological and polymer industries when high viscous liquids are 
stirred in mixing vessels. However, the lack of understanding of the fundamental principles 
governing the mixing process which results in the formation of the IMR structures often leads 
to inefficient global mixing problem. It has been estimated that, in the US chemical industry 
alone, mixing problems result in yield losses of 5% — or about $10 billion dollars per year 
(Paul et al., 2003). Therefore, there is a significant incentive to obtain a better understanding 
of mixing processes especially those in stirred vessels, which have been the workhorses for 
process industries in the industrial age.  
 
The formation of IMRs was observed at low to moderate Reynolds number (<500) when open 
impellers such as Rushton turbines and propellers were used for mixing highly viscous liquids 
(Lamberto et al., 1996). Toroidal vortices were observed below and above the impellers 
within the isolated mixing regions and they were found to have no exchange of materials with 
outside active mixing regions (AMRs) (Lamberto et al., 1996; Bresler et al., 1997). These 
toroidal vortices were observed to persist for several hours before being slowly homogenized 
through diffusion with outside active mixing regions. 
 
Recently, much attention has been given in eliminating IMRs using unsteady rotation 
methods as demonstrated by Lamberto et al. (1996) and Yao et al. (1998). However, the 
amount of work devoted to the study of IMRs and the optimization of mixing processes by 
eliminating IMRs is not sufficient yet. Therefore, it is desirable to undertake a systematic 
investigation for understanding the phenomena and fluid mechanical behavior of IMRs. 
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This work will provide better fundamental knowledge for designing mechanically stirred 
vessels operating at low Reynolds numbers and improving product yield in many process 
industries handling high viscous liquids. This study will be also beneficial to mineral 
processing industry. Significant knowledge obtained from this study will help to lower the 
operating costs of mixing vessels that handle high concentration slurries which often behave 
like high viscous liquids.  
1.2 Overview of the thesis 
 
The main aims of this study are to: 
 understand the phenomena of isolated mixing regions (IMRs) in Newtonian fluids 
agitated in mechanically stirred vessels, in particular, the formation of core torus, using 
experimental studies. 
 investigate the behavior of IMRs structures by manipulating the operating variables 
such as impeller rotational speed and direction, as well as geometrical variables such as 
impeller types and baffle location. 
 investigate the temporal chaotic mixing using different speed modulation protocols. 
 investigate the effect of baffles on the behavior of IMR structures. 
1.3 Outline of the thesis 
 
Chapter 2:  Reviews the literature relating to laminar mixing, fluid flow patterns and 
rheology in viscous liquids, impeller types, baffles, mixing performances and 
lastly isolated mixing regions. 
Chapter 3:  Describes the experimental equipment and techniques used in the laminar 
mixing study. 
Chapter 4: Examines the characteristics of IMR structures under steady-state impeller 
speed and speed modulation protocols. 
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Chapter 5: Investigates the behavior of IMR structures using different impeller types and 
baffling conditions. 
Chapter 6: Draws conclusions from the whole study and provides recommendations for 
further study. 
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CHAPTER  
2 
 
 
LITERATURE REVIEW 
 
 
 
 
 
In this chapter, the literature related to laminar mixing, various 
mixing equipment, fluid flow pattern and rheology, and isolated 
mixing regions (IMRs structures) are reviewed. 
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2.1 Introduction to laminar mixing 
 
The mixing of fluids in stirred vessels is one of the most important and widely used unit 
operations in process industries such as chemical, food, pharmaceutical, biotechnology and 
mineral processing. Both heat and mass transfer rates are greatly influenced by the mixing 
process. The effectiveness of mixing depends on the random distribution, into and through 
one another, of two or more initially separate phases in order to enhance the interpenetration 
two or more different substances, and consequently improve the mass, momentum and heat 
transfer (McCabe et al. 2005). The term ‗mixing‘ is applied to various operations, differing 
widely in the degree of homogeneity of the mixed material. Quillen (1954) defines mixing as 
the ―intermingling of two or more dissimilar portions of a material, resulting in the attainment 
of a desired level of uniformity, either physically or chemically, in the final product‖. The 
degree of mixing within a system is a function of two variables: (a) the magnitude of eddy 
currents or turbulence formed, and (b) the forces tending to dampen this formation.  
Agitation refers to the generated motion of a fluid either in a particular way or usually 
circulatory pattern inside a container. Parker (1964) defines agitation as the ―creation of a 
state of activity such as flow or turbulence, apart from any mixing accomplished‖. The 
purpose of agitation depends on the type of processes and its final objectives, for example: 
1. Suspending solid particles 
2. Dispersing gases or solids through liquids 
3. Blending of low viscosity fluids with high viscosity fluids 
4. Prompting heat transfer between the liquid and coil jacket. 
In fermentation processes, mixing is a crucial process because of the microbial activity is very 
sensitive to the growing cell conditions. These processes have become increasingly popular 
for the production of materials with commercial value. 
2.2 Mixing equipment 
 
The fluid mixtures are usually agitated in cylindrical tanks or vessels with either open or 
closed top to the atmosphere. The dimensions of the tank vary widely depending on the 
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nature of the mixing process. A typical standardized tank design is shown in Figure 2.1 which 
can be applicable to many industrial operations. The base of the vessel may either be flat or 
dished to eliminate sharp corners or regions where the fluid currents would not flow beyond. 
The mixing vessels can also be fitted with jackets or coils to maintain the temperature of the 
fluid contents, and also wells for thermometers and pH measuring indicators. The inlet and 
outlet ports are installed to aid the addition and removal of fluids. The impeller is usually 
attached to a rotating shaft which is connected to the motor through a speed reducing gear-
box. It is located either centrally in the tank or eccentrically to prevent the formation of 
vortex.  
 
Figure 2.1 Typical mixing process vessel 
The ‗standard‘ geometry of the mixing vessels was established back in 1950s from the studies 
of power consumption. The dimensions of the mixing vessel are usually based on the tank 
diameter. However each mixing operation has its own ‗optimum‘ geometry, while the 
standard geometry should only be used as a starting point for establishing the optimum 
geometry for any process. The ‗standard‘ geometry of tank configuration should include: 
1. The impeller diameter being about ¼ to ½ of the tank diameter. 
2. The impeller positioned from ¼ to ½ of a tank diameter from the bottom or one 
impeller diameter from the tank bottom 
3. The liquid height of the tank should be one tank diameter 
4. Four symmetrically placed wall baffles, B = T/10 or T/12 
5. The impeller blade width to impeller diameter W/D equal to 1/6 
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2.3 Types of impellers 
 
Most impellers are normally divided into two classes. The first class is radial-flow impellers 
that generate currents either in a radial or tangential direction as shown in Figure 2.2a.The 
second class is classified as axial-flow impellers which generate currents parallel to the axis 
of the impeller shaft as shown in Figure 2.2b. Some typical radial impellers include Rushton 
turbines, curved blade turbine and paddles whereas the common axial flow impellers include 
the pitched blade turbine and marine propeller.  
 
(a) 
 
(b) 
Figure 2.2 Flow patterns in standard tank geometry (a) radial flow impeller (b) axial flow impeller 
The primary choice for the tank geometry and impeller types can vary widely, depending on 
the mixing applications (such as blending of miscible liquids, dispersing of gases or 
immiscible liquids into a liquid phase, solid suspension, heat transfer or chemical reaction 
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etc.) The choice for the impeller size depends on the operating conditions illustrated by the 
dimensionless groups such as Reynolds, Froude and power numbers.  
The standard 6-blade disc turbine, also frequently referred to as 6-bladed Rushton Turbine (6-
RT) is used as a basis of comparison for other impellers (Figure 2.3). It discharges the fluid in 
a radial manner towards the vessel wall and two recirculation loops are formed above and 
below the impeller to produce the ―figure of eight‖ pattern as shown in Figure 2.2a. The 
radial and tangential velocities are almost equal in magnitude at the impeller tips under non-
baffled condition. However, in a fully baffled vessel, the tangential velocity decreases more 
rapidly than the radial velocity as the radial distance from the centre increases. The hub 
mounted curved blade turbine (Figure 2.4a) or disk mounted curved blade turbine (Figure 
2.4b) is another type of radial impeller which has lower shear at the blade tip and reduced 
power consumption.  
 
Figure 2.3 Radial flow impeller: Standard 6-blade disc turbine or 6-blade Rushton turbine (Holland and 
Chapman, 1966) 
 
Figure 2.4 Radial flow impeller: (a) Hub mounted curved blade turbine; (b) Disk mounted curved blade 
turbine (Holland and Chapman, 1966) 
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The mixed-flow impeller, also commonly named as the 6-pitched-blade turbine (6-PBT) after 
its geometry provides good overall circulation in the stirred tank. The 6-pitched blade turbine 
is used because of the design of its inclined blades is such that it produce both radial and axial 
flow when the impeller is rotated (Figure 2.5). The 6-PBT has six blades, each inclined at an 
angle from the vertical plane. Zweitering (1958) found out that axial flow impellers could 
discharge material radially at low off-bottom clearances and large D/T ratios above 0.5. This 
is due to the centrifugal forces of the impeller blades that dominate the fluid flow. Early point 
velocity studies by Levins and Glastonbury (1972) demonstrated that the radial and tangential 
velocities in the mixed flows regime are about equal but vertical velocities are about two 
times greater. Medek and Fort (1979) showed that the radial flow is negligible when the blade 
angle is less than 30. The marine propeller is commonly used as a general purpose agitator 
for mixing low to medium viscosity fluid at a variety of processing condition (Figure 2.6). 
Overall, the selection of impeller is dependent upon the required applications and process 
objectives since there is no universal impeller type optimum for every application. 
 
Figure 2.5 Axial flow impeller: 4-pitched blade turbine (Holland and Chapman, 1966) 
 
Figure 2.6 Axial flow impeller: Marine propeller (Holland and Chapman, 1966) 
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2.4 Flow patterns in agitated tanks 
 
The general flow patterns mentioned earlier in Figure 2.2a and b are typical for standard 
radial and axial flow impellers. Most importantly, the flow patterns are essentially solutions 
to the governing equations of motion and continuity for flow in complex geometries and 
fluids with complex rheology. Hoogendoorn and den Hartog (1967) noted that the flow 
patterns of a good mixer consist of (1) axial flow, (2) all streamlines flowing through the 
impeller region, (3) no closed streamlines occurring outside the impeller region, and (4) 
frequent disruption of fluid along the tank wall. The types of flow pattern are dependent upon 
several factors such as fluid viscosity, tank size, baffles and lastly impellers types. There are 
also some other important factors that contribute to the flow pattern such as impeller 
clearance, liquid height, blade pitch and baffle length. However the impeller geometry does 
not completely determine the flow pattern. The flow generated by the rotating impeller has 
three velocity components at any point within the tank. The first velocity component is radial 
and acts in a perpendicular direction to the impeller shaft. The second component is 
longitudinal and acts in a direction parallel to the impeller shaft while the final component is 
rotational and acts in a direction tangent to a circular path around the shaft. The radial and 
longitudinal components provide the flow necessary for the mixing action. As the impeller 
speed increases, the tangential component becomes dominant and leads to the formation of a 
vortex at the axis of vessel (Figure 2.7). The surface vortex reaches the centre impeller at high 
impeller speeds, causing air entrainment with no mixing achieved. The circulatory flow 
created by all types of impellers is critical in an unbaffled tank, but the strong swirling effect 
generated due to the impeller rotation is observed irrespective of the impeller design 
(Oldshue, 1993). 
 
Figure 2.7 Swirling effect with a radial flow turbine in an unbaffled tank (Oldshue, 1993) 
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Generally, impellers with axial flow component tend to reorientate the fluid before circulating 
back into the deformation region of the impeller blade. However, impellers with an 
asymmetric blade configuration and position have higher tendency to reorientate the fluid 
more. Redistribution and reorientation are important parameters in the extensive mixing 
process and concept of repetitive mixing. Reichman and Adler (1980) demonstrated the 
cutting-stacking procedures (Figure 2.8) and Ottino et al. (1981) illustrated that the 
redistribution process or ―transformations‖ of material lines in specific applications are 
vaguely defined. However, Ford and Ulbrecht (1976) explained the different definitions of 
primary and secondary flow patterns. The primary flow patterns are generated by the rotating 
impeller due to viscous or frictional drag force of the impeller on the fluid itself while the 
secondary flow patterns are generated by inertia caused by centrifugal and/or elastic forces. 
The primary flow patterns are typically overcome by the secondary flow patterns which aid 
the mixing process by causing reductions in striation thickness together with redistribution 
and reorientation of the fluid geometry. 
 
Figure 2.8 Three dimensional extensional flow mixing; stretching, cutting and restacking (Reichman and 
Adler, 1980) 
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2.5 Baffles 
 
The purpose of baffles is to improve the mixing efficiency within the stirred tank by breaking 
and redirecting the fluid flow. Baffles are usually installed to effectively destroy the circular 
liquid patterns and also to prevent the formation of vortex, where the liquid surface becomes 
almost flat (Figure 2.9c). In addition, axial flows become much stronger due to increased 
vertical flow, thus leading to faster and more efficient mixing. Consequently, the obstruction 
of tangential flow by the baffles increases the power consumption of the impeller. If the 
baffles are not included in mixing vessels, the fluid would rotate like a solid mass for viscous 
material resulting in minimum mixing. Ciafalo (1996) pointed out that the bulk fluid in 
unbaffled tank tends to flow along circular trajectories, causing small relative velocities in 
between the fluid and rotating impeller as well as weak radial flows directed towards the tank 
walls. 
 
 
 
 
 
 
 
 
 
 
(a) 
Axial and radial 
impeller without 
baffles produce vortex 
(b) 
Offcenter location 
reduces the effect of 
vortex 
 
(c) 
Axial impeller with 
baffles 
 
 
(d) 
Radial impeller with 
baffles 
 
 
Figure 2.9 Different flow patterns for axial and radial impellers 
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Chapman and Holland (1966) described the inadequacy of turbines in mixing viscous fluids 
due to the high velocity streams generated by the impeller rotation dissipate their energy 
rapidly in order to overcome the viscous drag forces in ‗thick‘ fluid, thus creating stagnant 
areas behind the baffles. Nagata (1975) found that baffles should be omitted for very viscous 
fluid due to the formation of dead zones behind the baffles. The formation of vortex is 
inhibited by low rotational speed and high friction against the cylindrical wall. Therefore, 
baffles are not required in high viscous fluid to prevent vortex formation. However, baffles 
can be effective in high viscous fluids if they are positioned away from the tank wall or at an 
angle to the axis of symmetry or to the wall. In addition, stagnant area behind the baffles 
during viscous mixing can be prevented by placing sufficient space between the baffles and 
the tank wall to allow fluid to circulate along the tank wall. Baffle widths can also be reduced 
to 1/20
th
 of the tank diameter when mixing viscous fluid. Figure 2.10 illustrates different 
baffle arrangement for different levels of fluid viscosity. Baffles at the tank wall is suitable 
for low viscosity fluid (i.e. water), whereas modified baffles set away from the tank wall are 
more suitable for moderate viscosity fluid (i.e. glycerol, corn syrup). Lastly, modified baffles 
set away from the tank wall at an angle can be used in mixing high viscosity fluid (> 10 Pa.s).  
 
Figure 2.10 Different types of baffle arrangements for different viscosity fluid 
 
Baffles at the wall 
for low viscosity 
fluid 
Baffles set away from 
wall for moderate 
viscosity fluid 
Baffles set away from 
tank wall at an angle 
for high viscosity fluid 
fluid 
Direction of 
fluid flow 
Direction of 
fluid flow 
Direction of 
fluid flow 
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2.6 Fluid rheology 
 
For a Newtonian fluid the shear stress is directly proportional to the shear rate (), and the 
proportionality constant is called the viscosity  (Equation 2.1). 
                         (2.1) 
Viscosity (µ) is a measure of the resistance to flow or deformation through internal forces and 
molecular attraction within the fluid. Therefore, higher the resistance, higher the force 
required to cause deformation. A larger quantity of energy from the rotating impeller is 
required for a highly viscous fluid to produce a desired state of flow for adequate mixing 
within the stirred tank; whereas a low viscosity fluid shows little resistance to flow and 
therefore requires only relatively a small amount of energy per unit volume for mixing to 
occur. Viscosity is also a function of the material property and temperature. It directly affects 
the flow circulation created by the rotating impeller. Viscosities of some common fluids are 
shown in Table 2.1. Most of the low viscosity fluids up to golden syrup are Newtonian fluids. 
Table 2.1 Typical viscosity of some common fluids 
Common Fluid Typical Viscosity (Pa.s) 
Liquid carbon dioxide (30C) 5 × 10-5 
Water (20C) 10
-3
 
Glycerol (25C) 1.0 
Glycerol (20C) 1.4 
Golden Syrup 10
2
 
Low density polyethylene (160C) 10
3
 
Bitumen (15C) 10
9
 
 
The viscosity of a Newtonian fluid is constant for all shear rates, while the viscosity of a non-
Newtonian fluid is a function of shear rate and therefore could vary with increasing shear rate. 
Shear thinning fluids have lower viscosities at higher shear rates; while shear thickening 
fluids have higher viscosities at higher shear rates. Obviously, under laminar flow mixing, the 
shear rate is the greatest in the immediate vicinity of the rotating impeller and decreases 
exponentially at locations away from the impeller axis. Since viscosity is the main parameter 
controlling the mixing process, it is also used to classify the different types of impellers used. 
Figure 2.11 shows a list of recommended viscosity ranges for some common impeller types. 
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Marine type propeller or flat blade turbine (Rushton turbine) are usually used for mixing low 
to medium viscosity fluids. The pitched blade turbine design has lower power requirement 
and is useful in mixing fluids with high-concentration solid content. Lastly, the gate anchors 
or helical screws are usually used in high viscosity fluids since mixing in these fluids does not 
depend on high velocity fluid streams. The helical ribbon agitator is suitable for ultra-high 
viscosity mixing where this impeller ensures complete mixing with no stagnant areas. 
 
 
 
 
 
 
 
 
 
 
Figure 2.11 Viscosity ranges for different impeller types 
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2.7 Two dimensional laminar mixing and IMR structures in stirred tanks 
 
The most common two-dimensional flow is produced by two rotating eccentric cylinders, co-
rotating or counter-rotating, where dye structures of passive tracers evolve in an iterative 
manner to form complex morphology of chaotic regions with large persistent islands. 
Stretching rates of the islands are used to determine the effectiveness of a good mixing. 
Stretch in islands usually grows linearly with time and slower in chaotic regions. The 
formation of island allows better identification of mixing locations in periodic points. A 
larger chaotic region is formed when an island generally collapses due to the penetration of 
dye through the centre of the island. The central elliptic points of an island become 
hyperbolic during bifurcation process which gives birth to two or more smaller islands 
(elliptic points). 
 
Ottino (1989) discovered that all two dimensional flows consist of hyperbolic points and 
elliptic points depending on the direction of the flow trajectory. A hyperbolic point exists 
when a fluid particle moves towards and crosses it in one direction only, whereas fluid 
circulation exists around an elliptic point. However, a third parabolic point exists in three-
dimensional mixing which allows fluid shear or tangential flow motion. Therefore, 
streamlines in steady flows do not occur if the fluid particles do not interact with one another. 
The solution to effective mixing is to vary the flow with time in a periodic way to enhance 
efficient stretching and folding mechanism of the fluid. The intersection flow from a single 
hyperbolic point is called transverse homoclinic point, while intersection flow of two 
different hyperbolic points is called transverse heteroclinic point. All horseshoes maps or 
transverse homoclinic or heteroclinic intersection occurs within the chaotic system.  
 
Leong and Ottino (1989) used a versatile cavity flow system consisting of two moving walls 
and two static walls both immersed in a fluid bath to generate two dimensional mixing flow 
patterns. UV lights were used to illuminate the passive tracer in order to trace the deformation 
of the dye blob. Two different types of time-periodic co-rotational wall motions namely 
discontinuous flow and sinusoidal flow were used to understand the complex behaviour of 
chaotic systems and structure of the periodic points. By comparing both types of flows with 
  
34 
displacement, they concluded that using sinusoidal flow forms a larger island; while the 
discontinuous flow forms a much smaller island. 
 
Figure 2.12 Elliptic and hyperbolic points are typical features in two dimensional flows 
 
Aref (1984) defined chaos as the intersection of streamlines in two dimensional flow system. 
This can be achieved using periodic modulation of flow field; either by boundary motions or 
time periodic changes in geometry. Franjione et al. (1989) demonstrated the chaotic mixing 
using two dimensional time-periodic flows in a similar rectangular cavity flow with two 
independent moveable walls. The large islands from incomplete mixing were found to remain 
segregated even after repeated stretching and compressing in a time-periodic behaviour. 
These large islands were usually situated along the lines of symmetry or in pairs on opposite 
side lines. Franjione et al. concluded that the periodic points occurred at the intersections of 
fixed symmetry lines and the elliptic periodic point surrounded by islands resulted in poor 
mixing efficiency. Mixing using periodic counter-rotational flow (walls moving in same 
direction) was found to perform better than the periodic co-rotational flow (walls moving in 
different directions). The mixing efficiency was reported to be enhanced by incorporating 
rotational symmetry into recursive protocol. The fractional coverage of dye was 100% in 
recursive system but only 70% in the periodic system. However, any changes in aspect ratio 
or cavity shape would have changed the symmetries of any periodic flow. 
 
Many earlier studies have pointed out that mixing within a stirred tank is often inefficient for 
Reynolds number less than 500. Rice et al. (1964) stated that the flow pattern generated by a 
Elliptic Point Elliptic Point 
Hyperbolic 
Point 
Streamlines 
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flat blade turbine divides the mixing tank into two half with two well-defined, torus-shaped 
regions above and below the impeller. Nagata et al. (1956) reported the first quantitative 
study of laminar mixing and mentioned that it was not easily achieved in highly viscous 
liquid with turbulent type impellers. Millet jelly at different concentrations was used with 
reaction between sodium thiosulphate and iodine to determine the overall mixing times. 
However homogenous mixing was not attained which resulted in dead volumes or toroidal 
rings for unreacted regions in the stirred tank. Jensen and Talton (1965) used different blade 
and tank geometries and found that the unmixed regions which were not rotated by rotating 
impeller blades tend to appear as dead volume. They also concluded that an increase in the 
ratio of blade to batch volumes improved the mixing due to ‗cutting and stacking‘ of 
materials by the larger impeller blades. 
 
Peter and Smith (1969) used a three-dimensional flow field model to calculate the true mixing 
performance. They concluded that shear mixing in the wall layer dominates the mixing in the 
case of an anchor impeller and larger wall clearances result in shorter mixing times. The 
presence of toroidal vortices was also found in regions not well mixed with the bulk fluid. 
Johnson (1967) analyzed the mixing times for flat blade turbine, propeller and helical ribbon 
impeller using a dye dispersion technique. The flat blade turbine and propeller produced 
toroidal vortices under laminar flow regime but the actual mixing times were difficult to 
measure as the diffusion of dye into these ring vortices tend to be rate-controlling step during 
the mixing process. 
 
Hoogendoorn and den Hartog (1967) performed a mixing study with various impeller 
geometries under laminar and transition regimes. The flat blade disk turbine created dead 
zones behind the baffles under Re = 170. The formation of toroidal vortices caused poor 
mixing and increased mixing times. However, both the mixing time and performance 
improved once the baffles were removed. The use of a pitched blade turbine in an unbaffled 
tank caused local mixing zones to form with minimum fluid flow. Therefore the pitched 
turbine performed better under baffled condition. Large toroidal vortices were observed with 
propeller without draft tube, thus increasing the mixing time. The mixing time could be 
reduced by having low clearance between propeller and draft tube to remove the dead zones 
around the propeller. 
 
  
36 
Lamberto et al. (1996) revealed the existence, location and size of the segregated regions 
using an acid-base neutralization reaction. These segregated regions were observed in both 
unbaffled and baffled vessels stirred by either radial or axial flow impellers. These segregated 
regions consisted of several families of helical filaments wrapped around a central torus 
which act as substantial barriers to mixing process, and usually increased the blend times by 
several orders of magnitude. Lamberto et al. (1999) also found that the position and size of 
ring vortices depend on Re and position of the impeller blades. In the study of mixing under 
laminar flow (Re < 100), Makino et al (2001) also observed similar stable filaments 
surrounding the torus. The velocity fluctuations of flow due to the rotation of impeller blades 
resulted in the periodical perturbations for secondary circulating flow. The observed isolated 
mixing regions had complex multi-structures consisting of various KAM tori. Alvarez et al. 
(2002b) concluded that the dynamic behavior of Newtonian flow was related to the geometric 
features of the mixing system. The passing of each impeller blades triggered the onset of 
chaos by small perturbations to the underlying regular 2-D flow generated by a disc impeller. 
Alvarez et al. (2002a) studied the chaotic flow for 20 < Re < 80 and found that the passing 
blades of the rotating impeller created small perturbations that directly triggered the chaos 
mechanism to the underlying regular flow inside the stirred vessel. Ascanio et al. (2002) 
discovered that the mixing times were significantly reduced by continuously perturbing the 
mixing flow by alternating the direction of rotation of the impeller or by using eccentric 
single or multiple impellers. 
 
Kato et al. (2005) compared the mixing performance of a conventional impeller using 
unsteady impeller speed and discoloration method using a reaction between sodium 
thiosulfate and iodine. The unsteady motion moved the core vortices, and consequently the 
‗doughnut rings‘ which were floating above and below the rotating impeller disappeared. An 
experimental study by Noui-Mehidi et al. (2008) investigated the IMR structures using three 
different impellers (6-blade Rushton, 4-blade Lightnin A315 impeller and axial CPE RTF4 
impeller) and showed the existence of IMRs at low Reynolds number (Re <100). Digital 
image analysis had shown the mechanism of IMR disappearance as period-doubling locus in 
physical space, where IMRs completely disappeared at critical Re, thus achieving complete 
mixing. Recently, Hashimoto et al. (2009) also observed a set of thin filaments spirally 
wrapped around the core of toroidal IMRs under low Reynold number (Re <60). They have 
successfully pinpointed the three-dimensional geometrical structure of filaments based on the 
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relationship between the fluid particle movement and filament coils. Takahashi and Motoda 
(2009) have significantly enhanced the mixing performance by inserting objects into the 
stirred vessel in order to destroy the isolated mixing regions observed above and below the 
rotating impeller. 
 
Metzner and Taylor (1960) demonstrated that high shear and energy dissipation rates 
occurred only in the impeller regions for turbulent impellers under laminar mixing regime. 
The impeller diameter has to approach the tank diameter in order for effective mixing to 
occur. Pitched blade impellers were found to be more efficient than flat blade impellers at low 
impeller speed due to higher fluid motion within the stirred tank. Murakami et al (1972) 
studied different impellers experimentally for their energy dissipation. The energy dissipation 
occurred without mixing but not vice versa. Therefore, the dissipated energy by the flow was 
usually more than the energy required for complete mixing. Hence it was necessary for the 
material flow into and out of the high-dissipation regions. 
 
2.8 Conclusions 
 
The above reviews indicate that the phenomena involved in the mixing of high viscous 
liquids under laminar flow regime are complex and yet to be fully understood. There is still a 
gap in the knowledge on the methods required to minimize the mixing time to achieve 
homogeneity in laminar mixing. 
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CHAPTER  
3 
 
 
EXPERIMENTAL 
 
 
 
 
 
 
The details of equipment used for mixing Newtonian high 
viscous liquids are presented. The experimental procedures 
adopted to measure the liquid properties and flow visualization 
technique used for the study of IMR structures are explained in 
this chapter. 
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3.1 Introduction 
This chapter presents the details of the mixing equipment and the experimental techniques 
used in this study. The design details of the mixing vessels, impellers and baffles used in this 
work are described here. The experimental procedures used to measure the liquid properties 
and the volume of IMR structures are explained. The flow visualization technique and the 
mixing time measurement method used to investigate the laminar flow mixing of Newtonian 
fluids are discussed. The measurement and control of the operating variables are also 
described in this chapter. 
3.2 Mixing vessels 
 
Experiments were carried out in two cylindrical, flat-bottom, open-top perspex vessels of 0.39 
and 0.19 m diameters. Each tank was located inside an acrylic square tank and the space 
between the cylindrical and square tanks was filled water to minimize the optical distortions 
due to the curvature of the inner cylindrical tank wall. Schematic diagrams of 0.19 and 0.39 m 
tanks are shown in Figures 3.1 and 3.2, respectively. The operating liquid height in both 
vessels was maintained equal to the tank diameter in all the experiments. The mixing vessels 
are designated as T190 and T390 in this thesis according to their inner cylindrical tank 
diameters. Other dimensions of these two tanks are shown in Table 3.1. 
 
 
 
 
 
 
 
 
 
Figure 3.1 Schematic diagram of 0.19 m diameter mixing vessel, T190 
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Figure 3.2 Schematic diagram of 0.39 m diameter mixing vessel, T390 
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Table 3.1 Dimensions of T190 and T390 
 T190 T390 
Length of outer square tank  0.25 m 0.40 m 
Diameter of inner cylindrical vessel 0.19 m 0.39 m 
Tank Height 0.30 m 0.50 m 
Liquid Height 0.19 m 0.39 m 
Fluid Volume 21.55 × 10
-3
 m
3
 18.6 × 10
-2
 m
3
 
Impeller position from tank bottom 0.095 m 0.195 m 
Baffled Condition 4 Baffles No 
3.3 Impeller types 
 
Impellers used in the present study were mounted on a central shaft driven by a Mitsubishi 
Electric general-purpose inverter motor (FREQROL-U100 Series). The rotational speed of 
the motor varied from 0 to 500 rpm. A standard six-blade Rushton Turbine (S6-RT) with 
diameter of 130 mm (Figure 3.3) was the only impeller used in T390. This impeller was used 
to study the characteristics of IMR structures under steady state and speed modulated 
operating conditions.  
Impellers used in T190 were: 4-blade disc turbine (4-DT), 4-alternating pitched blade turbine 
(4-APBT), 6-blade Rushton Turbine (6-RT), 6-pitched blade turbine (6-PBT) and 6-hollow 
blade turbine (6-HBT) and a disc impeller (DI) without any blade. The diameter of all these 
impellers was 63.3 mm except that for DI which had a disc diameter of 63.3 mm. Schematic 
diagrams of all these impellers are shown in Figures 3.3 to 3.9. The 4-APBT was similar to a 
4-PBT except that both diagonal facing pitched blades were twisted in opposite 45 directions 
as shown in Figure 3.6. This design had shown to improve the mixing interface for upper and 
lower regions in the stirred tank. The other 6-HBT was a disk turbine with six concave blades 
equally spaced at 60 which was widely used for gas dispersion applications.  
Among these impellers, DI, 4-DT and 4-APBT were used to study the effect of modified 
impellers on IMR structures whereas the other impellers such as 6-RT, 6-PBT and 6-HBT 
were used to study the effect of baffles and impellers types on the evolution of IMR 
structures. The impeller clearance from the tank bottom was set at (H/2) for T390 and T190 in 
all the experiments. The principal dimensions of all impellers are summarized in Table 3.2. 
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Figure 3.3 Dimensions of standard 6-blade Rushton Turbine (S6-RT) used in T390 
2 mm 
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Figure 3.4 Dimensions of Disc Impeller (DI) used in T190 
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Figure 3.5 Dimensions of 4-blade disc turbine (4-DT) used in T190 
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15.6 mm 
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Figure 3.6 Dimensions of 4-alternate pitched blade turbine (4-APBT) used in T190 
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Figure 3.7 Dimensions of 6-blade Rushton Turbine (6-RT) used in T190 
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Figure 3.8 Dimensions of 6-Pitched blade Turbine (6-PBT) used in T190 
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Figure 3.9 Dimensions of 6-Hollow blade Turbine (6-HBT) used in T190
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Table 3.2 Summary of the principal dimensions of all the impellers used in this work. 
 
Impeller Types S6-RT DI 4-DT 4-APBT 6-RT 6-PBT 6-HBT 
Impeller Diameter, D (mm) 130                63.3 
Disc Diameter, d (mm) 90 63.3  43.85 
Blade Length, l  (mm) 32 - 15.6 
Blade Width, W  (mm) 26 -  12.67 
Impeller Thickness (mm) 2 - 1 
Disc Thickness (mm) 2                 1 
Number of blades, np 6 0 4 6 
Angle of Inclination,  () - - - 45 - 45 - 
Radius of Curvature (mm) - - - - - - 6.33 
Blade to Blade Angle () 60 - 90 60 
Tank Usage T390 T190 
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3.4 Baffles  
 
Two types of removable baffles were used only in T190 to investigate the effect of baffles on 
IMR structures. The baffles had an upper and lower circular rings to hold the 4 baffle plates 
firmly during the mixing process (Figure 3.10). The baffle rings do not cause any obstructions 
to the mixing process as they sit flush with the tank inner wall. Each of the vertical baffle 
plates is removable. The baffle shown in Figure 3.10a is the arrangement used in standard 
mixing operations whereas the modified baffle shown in Figure 3.10b has been designed 
mainly for this work.  The baffle plates in this modified arrangement are extendable so that 
they can be placed between the tank wall and the impeller shaft where the core of the IMRs 
can be found. This baffle arrangement was used to study the influence of baffles when they 
are made to obstruct the IMRs directly. The schematic drawing of the two baffle 
arrangements (top view) are shown in Figures 3.11a and 3.11b, while the each dimensions of 
two different baffle arrangements are shown in 3.12 and 3.13. 
                                           
   (a)     (b) 
Figure 3.10 (a) Standard 4-blade baffles, (b) Modified 4-blade baffles 
 
 
 
 
 
 
(a)      (b) 
Figure 3.11 Schematic drawing of baffles used (top view). (a) Standard 4-blade baffles, (b) Modified 4-
blade baffles 
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Plates 
Impeller 
Diameter 
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Figure 3.12 Dimensions of Standard 4-blade baffles (cross-sectional view) 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 3.13 Dimensions of Modified 4-blade baffles (cross-sectional view) 
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3.5 Liquids used in this work 
 
Glycerol was used as the liquid phase in this work. Glycerol used in this study was BP pure 
Nat Oleo, 99.7% grade, supplied by APS Healthcare. The viscosity of the glycerol was 
measured using a Bohlin CVO-50 controlled stress rheometer equipped with a Bohlin KTB50 
temperature control system (Figure 3.14a) before and after each experiment. The 'cup and 
bob' viscometer requires 12 mL of glycerol solution which has been sheared during the 
measurement. The torque required to achieve a certain rotational speed is measured by 
controlling the shear rate from 0 to 1000 s. By plotting the shear rate versus shear stress, the 
viscosity of the glycerol can be determined at room temperature (24C). The dynamic 
viscosity (µ) of the glycerol used in this study was found to vary between 0.8 and 1.3 Pa.s as 
shown in Figure 3.14b. The density () of glycerol was measured and it was found to be 
between 1250 and 1265 kg/m
3
. 
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        (a)       (b) 
Figure 3.14 (a) Bohlin CVO-50 controlled stress rheometer, (b) Dynamic viscosity curve for glycerol 
concentration at 24C 
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3.6 Preparation of acid and base solution 
 
Acid (HCl) and base (NaOH) solutions used in this work were prepared from 10 M highly 
concentrated stock solutions. One litre solutions of 1 M concentration were prepared from 
these solutions by dilution and used in all experiments. When 1M alkaline NaOH solution 
was added to fresh glycerol, the pH of the glycerol solution changed from neutral 7 to basic 
10. When 1M HCl acidic solution was added to the alkaline glycerol solution, the pH value of 
the solution decreased from 10 to about 3. The injection of HCl acid and its reaction with 
NaOH allowed boundaries of isolated mixing regions (IMR structures) to be visualized 
clearly in the glycerol solution. Both HCl and NaOH solutions were added in equal amount in 
each run. The required amounts of HCl and NaOH solutions depend on the size of the mixing 
vessel used. 
3.7 Mixing characteristics and impeller speed measurement 
 
The efficiency of the mixing process was determined using image analysis of the digital video 
images of IMR boundary structures obtained at defined time intervals for each experimental 
run. The mixing characteristics of the IMR structures were investigated as a function of 
dimensionless mixing time, Ntm which is defined by Equation (3.1):  
mm tNNt      (3.1) 
where N is the impeller speed in revolutions per minute and tm is the acid–base decolorization 
time from the beginning of the formation of  IMR structures. It should be noted that Ntm also 
refers to the number of impeller rotations required either to completely destroy the IMR 
structures or to diminish its size. 
 
The impeller shaft was connected to an Ono Sokki torque transducer and a RS speed detector. 
The impeller speed and the analogue torque readings were recorded using a personal 
computer equipped with a National Instrument data acquisition board, thus enabling the real-
time power consumption could be analysed. The impeller speed was calibrated and checked 
regularly using a hand held mechanical tachometer. 
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3.8 Speed modulation protocols 
 
During the experiments in this study, the impeller speed was operated either under steady 
state or modulated conditions. The modulation of impeller speed was enabled using a 
LabVIEW speed control interface available on a personal computer. The control system 
involved in operating the impeller consisted of a dual variable frequency drive controller 
(Model 001) connected to a three-phase electric motor. Using this arrangement, both the 
amplitude and wave period of a speed modulation scheme could be varied. The impeller 
speed was modulated between maximum and minimum impeller speeds corresponding to 
Remax to Remin.  The two modulations adopted in this work are capable to create exponential 
growth of intermaterial zone from chaotic flow, consisting of a mixture of islands and chaotic 
regions. These time periodic modulations are substantially more effective in term of mixing 
compared to steady flow mixing. Two different modulation wave protocols were used in this 
study. They were: square wave and sine wave. In both modulation protocols, the wave 
amplitude and the wave period could be set to specific values from the control interface. For 
the experiments carried out in T390, the amplitude for both square and sine wave modulation 
protocols was varied between Remax = 60 and Remin = 30 or 40 and the wave period was 
chosen among 10, 20, or 40 s. For the experiments carried out in T190, the amplitude was 
varied between Remax = 20 and Remin = 10 with a constant wave period of 10s. For 
experiments carried out under steady state conditions, the impeller speed was determined 
based on the Remax for the respective tanks i.e., Re = 60 for T390 and Re = 20 for T190. The 
Reynolds number is defined by Equation 3.2: 
Re   =  

 2dN
   (3.2) 
where μ is the dynamic viscosity of the solution (Pa.s), d is the impeller diameter (mm),  is 
the measured density of glycerol (kg/m
3
) and N is the impeller rotation speed (rev/s). 
 
In this thesis, the impeller speed modulated experiments carried out in T390 will be 
designated with a code having the following format: ―Waveform_Remax_Remin_PT‖. For 
example, Square 60_40_P20 will represent a square waveform modulation with Remax= 60, 
Remin = 40 and a wave period of 20 s. In addition to the above, the codes for the experiments 
carried out in T190 will also include the name of the impeller type and baffling conditions 
employed as ―Impeller type_Waveform_W/O Baffles‖.  
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3.9 Flow visualisation technique of IMRs 
 
As mentioned above, the analysis of IMR structures and flow mixing patterns was carried out 
in this study using a non-intrusive technique based on direct visualisation of an acid-base 
reaction to measure mixing times in both baffled and unbaffled tanks as previously described 
by Lamberto et al. (1999). In the present study, fluorescein which is a fluorescent pH 
sensitive neutrally buoyant green dye, was used as the passive tracer in all experiments. 
Approximately 5 g of fluorescein powder was homogenously mixed with 500 mL of glycerol, 
and the solution was then filtered to remove any solid particles before being added into the 
tank solution. Subsequently, the glycerol solution was allowed to stand in the tank for 24 h so 
that any air bubbles trapped during filling can escape. The glycerol solution was then made 
basic by adding 40 – 70 mL of 1M NaOH, depending on the pH of the original solution. The 
solution was constantly stirred for about 30 min at 300 rpm so that a uniform fluorescent 
green colour could be achieved. The pH value of the solution was continuously monitored 
and the solution was considered to be homogeneously well mixed when the pH meter 
displayed a steady value. The pH-temperature probe (Figure 3.15) was placed at different 
locations in the tank to determine the spatial variations of pH and temperature of the mixing 
fluid. Average values of pH and temperature were determined from the respective values 
measured. 
 
Figure 3.15 WP-80 pH Meter and pH-temperature probe 
 
Subsequently, 40 – 70 mL of 1M HCl solution was injected using a 10 mm diameter flexible 
tube placed close to the impeller shaft while it rotated at the desired speed. The segregated 
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regions or IMR structures could be observed soon after the injection of acid solution due to 
the diffusion limitation caused by the highly viscous glycerol. The entire surface of the square 
outer acrylic tank was covered with black cardboard except the front side facing the video 
camera. The cardboards on both sides had 5-mm slits at the centre allowing the formation of a 
plane sheet of light across the tank. Flow visualisation, such as that shown in Figure 3.16, was 
achieved by illuminating both sides of the tank using 650W Arri IP23 lamps in an otherwise 
dark room. The evolution and dynamics of the IMR structures were recorded using a Sony 
Digital HD video camera recorder (HDR-SR5E) placed in the front side of the tank 
perpendicular to the plane sheet of light. The decolourisation time for the acid-base reaction 
was determined using the digitised time frames obtained from the recorded digital video. 
Makino et al. (2001) and Ohmura et al. (2003) have previously used argon laser sources to 
trigger dye fluorescence during acid-base reactions. However, the tungsten lamps adequately 
triggered fluorescence since their light beams encompass the fluorescein-sensitive wavelength 
range of 400-500 nm.  
 
 
Figure 3.16 Flow visualization of acid–base reaction revealing the IMR structures (containing NaOH) 
appear as bright green structures whereas chaotic regions (acidic) appear as dark areas 
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3.10 Estimation of IMR volume 
 
The post-processing of video images was achieved by adjusting the pixel threshold to specific 
set scales, and calibrating the intensity of the digital pixels according to each video image. 
The video image analysis provided important information about the mixing mechanism of 
IMR structures at each time interval. The flow visualisation technique allowed the estimation 
of the volume of IMR structures. The elliptical cross-sectional area of IMR structure in two-
dimensional plane was traced out using Image J image analysis software and then measured 
based on the threshold scale in each image. Subsequently, the theorem of Pappus (Berky, 
1984) was applied to calculate the elliptical volume of each torus by multiplying the 
calculated cross-sectional area by the mean circumference of the torus as shown in Equation 
3.3, where r is the radius of the circular cross-sectional area measured in the two dimensional 
plane and R is the mean radius of torus measured from the centre of torus to the axis of the 
impeller shaft (Figure 3.17). 
  
Volume of torus = volume of cylinder = (cross-section area)(length)  
222 2)2()( rRRrV                            (3.3) 
 
Figure 3.17 Three-dimensional structure of a torus volume and cross-sectional area of a torus 
 
The reproducibility of IMR volume measurement was checked by repeating the flow 
visualisation runs at least three times for each modulation protocol. It has been found that the 
variation in IMR volume is between ± 5% in most cases. 
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CHAPTER  
4 
 
 
CHARACTERTISTICS OF IMR STRUCTURES 
 
 
 
 
 
 
In this chapter, the characterization of IMR structures using 
steady-state impeller speed and speed modulation protocols of 
different waveforms are discussed. 
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4.1 Introduction 
 
The simplest technique to improve the degree of chaotic mixing in an agitated vessel is by 
changing the direction and/or magnitude of the impeller rotational speed periodically or 
randomly. Murakami et al. (1980) are the first to report significant improvement in mixing 
performance by employing unsteady state mixing. The pioneering works of Ottino et al. 
(1988) and Muzzio et al. (1991) have also shown that the use of eccentric cylinders rotating 
in alternating directions at short intervals helps to improve the laminar mixing performance.  
The existence of IMRs has been shown experimentally under low Reynolds number flow 
condition in the form of islands in two-dimensions by Leong and Ottino (1989) and as non-
mixing tori in three-dimensional systems by Lamberto et al. (1996). Yao et al. (1998) also 
studied the effect of unsteady impeller rotational speed on IMRs and reported significant 
reduction in the global mixing time. 
This chapter presents the evolution of IMR structures with dimensionless mixing time when 
the impeller rotational speed was varied using different wave modulations. The results 
reported in this chapter were obtained in 0.39 m tank (T390) using standard 6-blade Rushton 
Turbine (S6-RT) mounted on a central shaft, perpendicular to the video camera. The video 
images captured during the experiments were used to analyse the characteristic of the IMR 
structures. 
4.2 Evolution of IMR Structures using steady-state impeller speed 
 
In this study, two IMRs were observed inside the stirred tank: one above and the other below 
the rotating impeller (Figure 4.1). For the purpose of determining the Ntm, the time at which 
both the upper and lower IMRs have been formed was considered to be the beginning of IMR 
formation. Each region (upper and lower) consists of two similar ‗zones‘ which can be seen 
from the cross-sectional view of the tank. The rotating blades of the impeller create a jet of 
fluid stream which leads to the fluid to circulate within each zone by pushing the fluid 
outwards along the tank wall and recirculating it back in the opposite direction towards the 
centre of the rotating shaft. Figure 4.2 shows the total percentage volume of IMRs structures 
(sum of upper and lower IMRs volume) as a function of dimensionless mixing time, Ntm. The 
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steady-state protocol with no wave period decreases the IMR structures to ~ 10% within a 
dimensionless mixing time of 5000. The volume of ―doughnut-shaped‖ IMR structures does 
not decrease below this value even after extended period of mixing. The core rings of IMRs 
above and below the rotating impeller stabilise thus exhibiting no sign of total destruction for 
several hours (Figure 4.1). 
 
Figure 4.1 Cross-sectional view of stirred tank showing the existence of IMR core structures using steady-
state impeller speed 
 
Figure 4.2 Volume of IMR structures as % of initial volume vs dimensionless time, Ntm 
Region 1 
Region 2 
Zone 1 Zone 2 
Zone 3 Zone 4 
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4.3 Dynamic perturbation of IMR structures 
 
Lamberto et al. (1996), based on their study on IMR structures, indicated that the location and 
size of IMR structures should be considered when designing stirred tanks. They showed that 
segregated mixing zones can be eliminated using dynamic perturbation of impeller speed. 
They also found that, during the perturbation, as the impeller speed increased to a higher Re, 
the cores of the IMR structures moved further away from the impeller.  
As mentioned above, the fluid flow generated in a vessel stirred by a radial turbine impeller 
such as six-bladed Rushton turbine can be divided into two regions: one above the horizontal 
plane of the blades, and the other below. In the upper region fluid moves upward along the 
tank wall and in the lower region it moves downward along the wall. This motion is due to 
the high-speed jet-like flow at the end of the turbine, which can be seen in a vertical cross-
section. The fluid is recirculated in each zone in a direction towards the center of the tank, 
which is opposite to the fluid direction along the wall in each region.  
Figure 4.3 shows a schematic diagram which illustrates the cyclic motion of tori from one 
location to the other due to the continuous fluctuation of impeller speed. During the cyclic 
motion, the volume of tori also decreases which eventually leads to their complete 
destruction. Figure 4.4 illustrates the different tori locations at low and high impeller Re. As 
the impeller speed increases, the upper torus moves outwards and downwards, while the 
lower torus also moves outwards but upwards, making them closer to each other. However, 
both tori move closer to the impeller shaft and further apart from each other in an elliptical 
manner as the impeller speed decreases to a low Re. 
 
Figure 4.3 Visualisation of IMR tori locations at low and high impeller speed 
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   Gridline for IMRs   Centre Core of IMRs  
Figure 4.4 Schematic of IMRs movement from point 1 (P1) at high speed to point 2 (P2) at low speed 
 
High speed 
Low speed 
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4.4 Evolution of IMR structures using square wave modulation 
 
In this set of experiments, the impeller speed was modulated using a square wave protocol at 
two fixed amplitudes: A1 = 20 (achieved using Remax = 60 and Remin = 40) and A2 = 30 
(achieved using Remax = 60 and Remin = 30). The effects of different wave periods of 10, 20 
and 40 s at each of these two amplitudes were investigated.  
 
Figure 4.5 Formation and destruction of four “horseshoe” folds after a few period cycles 
At low impeller speed, the periodic stretching and folding of the fluid motion was evident as 
soon as the acidic solution was injected into the alkaline solution. Figure 4.5 shows the 
formation and destruction of four ―horseshoe‖ folds after a few wave period cycles. These 
horseshoe-shaped tori have been previously reported by others researching two-dimensional 
chaotic mixing (Ottino et al., 1988; Liu et al., 1994). At a higher impeller speed, IMR 
structures began to form immediately. The sudden fluctuation of impeller speed allowed fresh 
acidic solution (HCl – dark green areas) from the AMRs to spread towards the wall in a radial 
flow pattern, surrounding the IMR structures containing alkaline solution (NaOH – bright 
green areas). At low speed, existing IMR structures were deformed and stretched outward, 
leaving strands of acid traces diffusing into the AMRs. This type of stretching and folding 
mechanism formed an envelope-like structure consisting of pockets of acidic and alkaline 
strands that were not homogenously mixed within a single wave period. After a number of 
periodic cycles, the stretching and folding continued until the IMR structures were completely 
destroyed, yielding a homogenous solution.  
Folding motion 
of AMRs fluid 
Stretching 
motion of 
IMRs fluid 
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Figure 4.6 Destruction of upper envelope (UE) using square wave protocol of fixed amplitude (20) and 
wave period of 10, 20 and 40s 
 
Figure 4.7 Destruction of upper envelope (UE) using square wave protocol of fixed amplitude (30) and 
wave period of 10, 20 and 40s. 
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Figure 4.6 shows the evolution of the upper envelope (UE) volume with respect to 
dimensionless time, Ntm, using the square wave protocol with A1 = 20 for different wave 
periods. It is worth noting that there was no significant difference in the UE volumes below 
Ntm = 150. However for Ntm > 150, Square_60_40_P20 and Square_60_40_P40 protocols 
show significantly increased Ntm values (52% and 61%, respectively). However, between 
these two protocols, Square_60_40_P40, which has the higher wave period, leads to a slower 
destruction rate of UE volume. It requires the longest destruction time of Ntm = 639.  
Figure 4.7 shows the evolution of UE volumes with respect to Ntm for the square wave 
protocol with the amplitude A2 = 30 with different wave periods. It can be seen that UE 
volume decreases linearly as Ntm increases. The stretching and folding caused by the impeller 
blades allowed the UE to decrease gradually as the impeller speed fluctuated periodically. It 
can be seen that Square_60_40_P40 required ~75% more time for the UE to be destroyed 
completely when compared with Square_60_30_P10. This is because the perturbation caused 
by the impeller rotation increases when wave period decreases and vice versa. This can be 
further explained by considering the fact that the core of the UE shifts between two locations: 
position P1 for Remax and position P2 for Remin, as shown in Figure 4.3. For the square wave 
protocol, the shift between these two positions occurred in less than a second. The cyclical 
action of the impeller speed with a shorter wave period allowed the core of the UE to change 
from P1 to P2 in a shorter time, which promoted more stretching and folding of the UE. The 
core of the UE shifted further away from the impeller shaft at the larger amplitude, while it 
moved closer to the axis of the tank at the smaller amplitude. These phenomena led to an 
increase in the distance traveled by the UE between P1 and P2 which in turn allowed more 
interaction between the IMR structures and AMR thereby significantly reducing the volume 
of UE.  
Overall, the destruction time of the UE increases with larger amplitude fluctuations, which 
agrees well with the results previously reported by Yao et al. (1998). However, the inclusion 
of a shorter wave period produces much better mixing than just amplitude fluctuation. 
Therefore, the most significant finding in this study is that wave period or frequency 
modulation of the waveform yields more efficient mixing than mere amplitude modulation. 
Overall, the combination of large amplitude and a short wave period resulted in the best 
mixing performance in this study. As the upper boundary of the liquid in the present system is 
a free surface, it can be expected to affect the upper IMR structure, as described above. The 
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lower IMR structure, which was bounded by the flat tank bottom and the wall, had slightly 
different flow configurations for the same experimental conditions.  
Figure 4.8 shows the changes in the volume of the lower envelope (LE) as a function of Ntm 
for the square wave protocol with an amplitude A1 = 20 with wave periods of 10, 20 and 40 s. 
It can be seen that the smallest wave period produces the best mixing in this case also. There 
is little difference in the mixing rates for the modulations with the wave periods of 20 and 
40 s up to Ntm = 650. However, for Ntm > 650, the square wave protocol with a wave period 
of 20 s exhibits better mixing. Figure 4.9 shows the changes in LE volume as a function of 
Ntm for the square wave protocol with an amplitude A2 = 30 with wave periods of 10, 20 and 
40 s. It can be seen that there is no significant difference in volume reduction rate for all three 
wave periods up to Ntm = 200. Above Ntm = 200, the square wave protocol with the shortest 
wave period of 10 s exhibits the greater volume reduction rate. This observation is similar to 
the result discussed above where it was observed that the square wave protocol with the 
longer wave period required a longer mixing time. This observation is critical and must be 
noted when analyzing the characteristics of IMR structures for different protocols. These 
results also prove that, even for the same amplitude, significant improvement in mixing 
efficiency can be achieved with different wave periods. 
 
Figure 4.8 Destruction of lower envelope (LE) using square wave protocol of fixed amplitude (20) and 
wave period of 10, 20 and 40s 
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Figure 4.9 Destruction of lower envelope (LE) using square wave protocol of fixed amplitude (30) and 
wave period of 10, 20 and 40s 
The sequences of photographs presented in Figures 4.10 and 4.11 demonstrate the chaotic 
mixing patterns both above and below the impeller. It is interesting to note that the upper 
IMR structure always formed earlier than the lower IMR structure for the square wave 
protocol with an amplitude fluctuation of A2 = 30 (Figure 4.10). However, Figure 4.11 shows 
that it took longer to destroy the upper IMR structure with a smaller amplitude fluctuation. 
Overall, the volume of the upper IMR structure is always smaller than the volume of the 
lower IMR structure probably due to the influence of the free liquid surface. Therefore, it can 
be concluded that the square wave protocol with a larger amplitude and a shorter wave period 
enhances chaotic mixing. 
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Figure 4.10 Chaotic mixing for upper and lower envelope using square wave protocol (Amplitude 
fluctuation = 30) and wave period of 10, 20 and 40s respectively 
 Square_60_30_P10 Square_60_30_P20 Square_60_30_P40 
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Figure 4.11 Chaotic mixing for upper and lower envelope using square wave protocol (Amplitude 
fluctuation = 20) and wave period of 10, 20 and 40s respectively 
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4.5 Evolution of IMR Structures using sine wave modulation 
 
 
Figure 4.12 Plot of percentage volume for IMR structure vs dimensionless destruction time 
Experiments carried out using sine wave speed modulation protocol involved amplitudes and 
wave periods similar to those used with square wave speed modulation protocol. Since a 
larger amplitude (A2 = 30 ) produced much better mixing in the case of square wave protocol, 
the impeller speed using sine wave protocol was also modulated using a fixed amplitude of 
A2 = 30 but with different wave periods. Figure 4.12 shows the evolution of the volume of 
upper IMR structure as a function of the dimensionless mixing time, Ntm. The sine wave 
protocol with a wave period of 10 s is found to reduce the volume of the IMR structures by 
80% within the dimensionless time of 1500 due to the higher frequency of the impeller 
rotation. The continuous change in the impeller rotation speed up and down allowed outside 
fluid from active mixing regions (AMRs) to penetrate the originally stable IMR structures, 
leading to enhanced laminar chaotic mixing. For Sine_60_30_P20 and Sine_60_30_P40, the 
volume of the IMR structures decreases drastically from 100% to around 20% within the 
dimensionless time of 5000. However, there is no significant difference in the results for 
Sine_60_30_P20 and Sine_60_30_P40 after the dimensionless time of 5000 (Figure 4.12) 
indicating that, for a sine wave protocol with an amplitude of A2 = 30, changing the wave 
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period from 20 and 40 s has no beneficial effect on the mixing time. This can be explained by 
considering the fact that the time required to change the amplitude between Remax and Remin is 
longer in the case of sine wave protocol when compared to the square wave protocol. 
Therefore, the core of the IMR structure shifted gradually between P1 and P2, as shown in 
Figure 4.3, without the sudden switching effects observed with the square wave protocol. 
This smooth cyclic motion did not allow much convective interaction between the IMR 
structure and AMR, and thus a longer time was required to destroy the IMR structure with the 
sine wave protocol. Hence, the volume reduction rate of the IMR structures is slower in this 
case. Therefore the IMR volume reaches an asymptotic volume at Ntm = 5000 and exhibits no 
further changes thereafter. Beyond Ntm = 5000, a slow diffusive mechanism is responsible for 
the mixing between the IMR structures and AMR. It has to be emphasized that the IMR 
structures do not disappear completely for the sine wave protocol; they only become smaller 
after a long time. The core of the IMR structure was still visible even after several hours of 
mixing due to a lack of convective flow within the system.  
Yao et al. (1998) have also demonstrated that for a given Re, a longer mixing time is required 
if a longer wave period is used. Figure 4.13 shows photographs of IMR structures when sine 
wave modulation was used, and it can be seen that the IMR structures decreased to ~20% of 
their original size and remained stable regardless of further increase in Ntm. It is obvious that 
Sine_60_30_P10 requires the shortest dimensionless time of 1500 for the IMR structures to 
reach ~20% of original volume, while the other two sine wave protocols require an average 
dimensionless time of 15000 to reach  ~20% of the original volume. Figure 4.13 also clearly 
shows that the upper IMR structure is always smaller than the lower IMR structure due to the 
influence of the free liquid surface.  
The experimental work of Kato et al. (2005) has shown that using unsteady mixing with sine 
wave modulation destroyed the IMR structures. However, their sine wave speed modulation 
consisted of irregular amplitude pattern (larger positive amplitude and smaller negative 
amplitude) whereas this work involved sine wave modulation with regular amplitude pattern 
(equal positive and negative amplitudes). The irregular amplitude pattern resulted in uneven 
cyclic motion of tori from one location to the other as the impeller speed was changed in sine 
wave modulation. Kato et al. also concluded that the mixing time for Re > 40 was only 
slightly lower when time periodic fluctuation with unsteady speed was introduced into their 
mixing system. 
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Figure 4.13 Chaotic mixing for upper IMR structure to reduce to 20% volume using three different sine 
wave protocols measured in dimensionless destruction time. The initial conditions for three cases are all 
identical 
 
4.6 Conclusions 
 
Under steady-state impeller speed protocol, ―doughnut-shaped‖ IMRs structures appear above 
and below the rotating impellers and their size gradually decreases to ~ 10% of original value 
after long mixing period. After this, there is no sign of total destruction of the IMR rings even 
after several hours. Under square wave impeller speed modulation, the volume of tori 
decreases with each perturbation cycle and eventually becomes zero. Under this protocol, the 
combination of a larger amplitude fluctuation and a shorter wave period leads to the best 
mixing performance. Under sine wave impeller speed modulation protocol, the volume of 
IMRs structures decreases but a visible core of IMR structures can be seen even after several 
hours of mixing.  
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CHAPTER  
5 
 
 
STUDY OF IMR STRUCTURES USING 
DIFFERENT IMPELLER TYPES 
AND BAFFLED CONDITIONS 
 
 
 
 
In this chapter, the effect of different impeller types as well as 
that of modified 4-APBT are investigated on the evolution of 
IMR structures. The baffle effects on IMR structures are also 
studied. 
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5.1 Introduction 
 
This chapter presents the effects of different impeller types on IMR structures as well as the 
evolution of IMRs structures using speed modulation protocols with/without the effect of 
modified baffles. Lastly, the effect of using a modified 4-alternating pitched blade turbine (4-
APBT) on IMRs structures is compared with those for standard impellers. All the results 
presented in this chapter were obtained in 0.19 m tank (T190). 
5.2 Effect of different type of impellers on IMR structures 
 
 
Figure 5.1 Evolution of total IMRs volume with dimensionless time, Ntm using steady-state impeller speed 
without baffles (WOB) 
Figure 5.1 shows the evolution of the total IMRs volume (sum of upper and lower IMRs 
volume) as a function of dimensionless mixing time, Ntm (which also equals to the total 
number of impeller rotations) under steady-state and unbaffled operating condition. The 
steady-state speed used for all impellers (6-RT, 6-PBT and 6-HBT) was 240 RPM which 
ensures laminar flow pattern (Re = 60) in T190. The initial volume of the IMR structures for 
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all impellers is more than 50% of the total liquid volume. With an increase in Ntm, the volume 
of the IMR structures for all impellers decreases until it reaches a certain constant volume. It 
is clear that, even after several hours of mixing, the volume of IMR structures for all 
impellers does not decrease below 8% of the total liquid volume. By comparing all these 
impellers, 6-PBT and 6-HBT perform better because they reduce the initial IMRs volume 
from about 62 to 10% within a dimensionless mixing time of 6000. However, it takes a longer 
dimensionless mixing time (of about 15000) for 6-RT to reduce the IMRs volume to about 
same value (~10%) even though 6-RT has a smaller initial IMRs volume than those for 6-
PBT and 6-HBT. These results show clearly that if their impeller speed is maintained constant 
for these impellers, the IMRs will still persist leading to inefficient mixing.  
Six-bladed Rushton Turbine 
(6-RT) 
Pitched Blade Turbine 
(6-PBT) 
Hollow Blade Turbine 
(6-HBT) 
   
Ntm = 0 Ntm = 0 Ntm = 0 
   
Ntm = 15000 Ntm = 6000 Ntm = 6000 
 
Figure 5.2 Chaotic mixing of IMR structures for 6-RT, 6-PBT and 6-HBT using steady-state impeller 
speed without any baffles 
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5.3 Evolution of IMR structures using impeller speed modulation 
 
 
Figure 5.3 Evolution of total IMRs volume with dimensionless time, Ntm using speed modulation protocols 
with baffles (WB) and without baffles (WOB) 
 
Figure 5.3 shows the evolution of the total IMRs volume as a function of Ntm for 6-RT and 6-
PBT operated using square wave speed modulation protocol with an amplitude of 10 (Remax = 
20 to Remin = 10) and a constant wave period of 10s. Under unbaffled condition, the initial 
volume of IMRs in the tank occupy a significant ~65% of the total liquid volume for both 6-
RT and 6-PBT. With increase in Ntm, the total IMRs volume for both impellers decreases and 
eventually becomes zero. This result shows clearly that rotating the impellers with square 
wave modulation increases the destruction rate of the IMR structures. Between the two 
impellers used, the 6-PBT leads to rapid decrease in IMRs volume as compared to 6-RT 
which justifies the earlier conclusion about 6-PBT which stated that it has a faster IMRs 
reduction rate even at constant impeller speed (Figure 5.2). The number of rotations Ntm 
required for the complete destruction of IMR structures using 6-PBT is 1600 which is lower 
than Ntm = 2200 required for 6-RT. 
Under baffled condition, the initial total IMRs volume for both impellers is smaller than those 
observed for the unbaffled condition. Especially, the initial core of the IMRs volume for 6-
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PBT is only about 5% of the total liquid volume. This result clearly demonstrates the effect of 
baffling on IMRs volume. For both impellers, IMRs are destroyed completely under the 
dimensionless time of less than 1250 under baffled condition. Therefore, it can be concluded 
that a rate of IMRs destruction for both impellers is greater under baffled condition when 
compared to unbaffled condition. 
The effects of baffles and impeller types in the destruction of IMRs can be explained by 
considering the flow characteristics in the tank. As the impeller rotates clockwise in the 
stirred vessel, the sweeping motion of each impeller blade pumps the fluid from the AMRs 
into the IMR structures. The fluid exchange between the IMR structures (bright green 
structures containing NaOH) and AMRs (darker regions containing HCl after neutralization) 
appears to be homogenous even before the initial formation of IMR structures (Figure 5.4). 
When square wave modulation protocol is used to operate the impeller, it promotes more 
stretching and folding of the IMR structures as the impeller speed switches rapidly from high 
RPM to low RPM, thereby increasing the rate of IMRs destruction. When the baffles are 
present, they restrict the IMRs volume further to the space between the baffles and the 
rotating impellers (rather than the space between the tank wall and the impellers), thus 
creating more chaos to the IMR structures.  
 
(a)     (b) 
Figure 5.4 Evolution of total IMRs volume with dimensionless time, Ntm using speed modulation protocols 
under unbaffled conditions using a) 6-PBT and b) 6-RT 
 
It is also interesting to note the differences in the flow pattern and evolution of the IMR 
structures for the two impeller types. Figures 5.4a and 5.4b show the evolution of IMR 
structures and the flow pattern created by 6-PBT and 6-RT, respectively. The 6-PBT placed at 
mid-liquid height creates a radial downward flow pattern under laminar regime. In addition, 
IMRs Envelope 
IMRs Envelope 
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the blades of 6-PBT also create a stronger downwards perturbation, allowing more AMR 
fluids to penetrate into the lower IMR structures. This motion forms envelope-like structures 
consisting of pockets of acidic and alkaline strands that are not homogenously mixed. In the 
case of 6-RT, the radial flow pattern created by the impeller displays a totally different IMR 
structures as compared to those for the 6-PBT. Although, the 6-RT creates an even 
distribution of perturbation across the whole liquid volume in the open tank, the upper IMR 
envelopes appear smaller in volume. This is mainly because of the higher azimuthal flow 
circulation caused by the impeller rotation in the upper part of the tank due to the presence of 
the free liquid surface boundary. 
5.4 Effect of standard wall baffles on IMR structures 
 
 
Figure 5.5 Plot of total percentage volume for IMR core structures vs dimensionless time, Ntm with 
different impellers and normal baffles 
Under baffled condition, the initial formation of IMR structures varies with different impeller 
types. Figure 5.5 shows the plot of changes in the total percentage volume of IMRs structures 
with respect to the dimensionless time, Ntm at steady-state speed. The initial volume of IMR 
core structures for 6-HBT is about 50% smaller than those for 6-RT and 6-PBT. However, all 
the 3 impellers do not destroy the IMR structures even after Ntm = 35000, leaving strands of 
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unmixed regions (about 2 to 5% of the total tank volume). From Figure 5.6, it is obvious that 
the IMR core structures are not completely destroyed at steady-state speed of 240 rpm in 
T190 regardless of any impeller types employed. However, it can be seen that 6-RT can 
effectively diminish the size of the IMR core structures to about less than 2% of original total 
volume compared to 6-PBT (~ 5%) and 6-HBT (~ 4%). The azimuthal flow circulation and 
free water surface boundary above both 6-RT and 6-HBT might have resulted to these IMRs 
phenomenon. While the 6-PBT with a strong radial downward flow circulation destroys the 
lower IMR structure, it leaves the upper IMR core structures intact. Overall, the IMR core 
structures are still present in all the cases (even in the presence of baffles), and they do not 
disappear completely. The IMR structures are found to be floating above and below the 
rotating impellers. Eventually, these IMR structures can be homogenized through slow 
diffusion process under laminar flow regime but it will take much longer mixing time. 
 
(a)     (b) 
 
(c) 
Figure 5.6 IMRs Core Structures with normal 4-blade baffles using steady-state speed (240rpm) after 
several hours with different impellers. (a) 6-RT, (b) 6-PBT and (c) 6-HBT 
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5.5 Effect of modified baffles on IMR structures 
 
Figure 5.7 illustrates the transformation of IMR core structures into a homogenous well-
mixed clear solution inside T190 in the presence of modified 4-blade baffles which have been 
placed in the middle of the space between the impeller shaft and the tank wall. The evolution 
of IMR core structures started after the injection of the acidic solution. The impeller speed 
used in this case was a steady-state speed of 240 rpm which is equivalent to Re = 60 in T190. 
Under unbaffled condition (shown in the first column of Figure 5.7), the IMR core structures 
start to reveal their outline after a dimensionless time of 500. After Ntm = 7200, the IMR core 
structures became stable and found to be circulating in the same clockwise direction as the 
rotating impeller. The IMRs core or ―doughnut rings‖ float above and below the impeller in 
this case too. The size of each IMRs core varies depending on the type of the impeller used 
and the flow patterns inside each stirred tank as mentioned earlier. Both 6-RT and 6-HBT 
have smaller and larger IMR core structures below and above the impeller, respectively. The 
higher azimuthal flow circulation caused by the impeller rotation above the impeller and the 
free water surface boundary can be attributed for this phenomenon. On the other hand, the 6-
PBT creates a radial downward flow circulation which leads to the formation of a ‗peach-
shaped‘ IMR core structures at the bottom (Figure 5.7) 
The formation of IMR core structures are disturbed once the modified 4-blade baffles are 
placed in the tank. The IMR core structures (bright green doughnuts) containing reminder of 
the alkaline solution are dispersed away from the impeller to form a ‗butterfly-shaped‘ 
structure or IMR envelopes. The IMR envelopes contain pockets of acidic and alkaline 
strands that were not homogenously mixed within a single impeller rotation cycle (Figure 
5.7). The reduced space between the rotating impeller and modified baffles allow little 
entrapment of residual solution behind the baffles during mixing process. It is interested to 
note the flow structures of IMRs generated for different impellers. The 6-RT and 6-HBT lead 
to the disappearance of the lower envelope (LE) faster than the upper envelope (UE) due to 
the axial components of the fluid flow created by these impellers. However, the IMR 
structures generated by 6-PBT shows a different pattern as compared to those generated by 6-
RT and 6-HBT. In the case of 6-PBT, LE is destroyed first followed by UE at steady state 
impeller speed. Figure 5.7 also clearly shows that the LE is slanting slightly at an angle 
downward with reference to the horizontal centre axis due to stronger downwards 
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perturbation fluid flow generated by the impeller. Overall, the whole transformation of IMR 
core structures into homogenous clear well-mixed solution took less than a dimensionless 
time of 280 (approximately > 1.5 minutes) for all the three impeller types studied. 
It should be noted that, in the previous set of experiments discussed above, the modified 
baffles were immersed in the tank once the IMRs structures have appeared after the acid 
injection. To ensure that this sudden insertion of baffles in the tank is the not reason for the 
IMRs behavior described above, another set of experiments were performed with the same 
impeller types. In this case, experiments were carried out with fully submerged modified 
baffles in the alkaline glycerol solution before the acid injection. Figure 5.8 illustrates the 
occurrences of the IMR envelopes for the impellers studied. The formation of IMR envelopes 
is not clearly observed in the video images because the modified baffles are located where the 
core of IMRs is formed thus disturbing the formation of IMR structures. These modified 
baffles can also reduce the amount of residual by-products that would have been otherwise 
formed behind conventional baffles (located near the tank wall). In addition, the total 
dimensionless time required including the formation and destruction of IMR envelopes is less 
than 2500 (> 10 minutes). Therefore, the usage of these modified baffles could provide 
beneficial effects for the laminar mixing. 
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 IMR Core Structures Formation of IMR 
Envelope 
Destruction of IMR 
Envelope 
Total Destruction of  
IMRs 
6-RT 
    
Ntm After 7200 After 7300 After 7380 After 7480 
6-PBT 
    
Ntm After 7200 After 7280 After 7360 After 7460 
6-HBT 
    
Ntm After 7200 After 7300 After 7340 After 7440 
 
Figure 5.7 Evolution phases of IMRs envelope with modified baffles at steady-state impeller speed (240rpm) using different impellers 6-RT, 6-PBT and 6-HBT
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 Formation of UE Formation of LE Total Destruction of IMRs 
6-RT 
   
Ntm 0 960 1440 
6-PBT 
   
Ntm 0 480 960 
6-HBT 
   
Ntm 0 1200 2160 
 
Figure 5.8 Evolution of IMRs envelope with modified baffles (submerged initially) at steady-state impeller speed (240 rpm) using 6-RT, 6-PBT and 6-HBT
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5.6 Effect of modified impellers on IMR structures 
 
 
 
Figure 5.9 Evolution of Upper Envelope (UE) with respect to dimensionless mixing time, Ntm 
 
 
Figure 5.10 Evolution of Lower Envelope (LE) with respect to dimensionless mixing time, Ntm 
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The evolutions of upper envelope (UE) and lower envelope (LE) as a function of 
dimensionless mixing time, Ntm are shown in Figures 5.9 and 5.10, respectively for three 
different types of impellers namely DI, 4-DT, and 4-ABT. The disc impeller (DI) creates a 
larger IMR structure initially due to the absence of blades as shown in both Figures 5.9 and 
5.10. The absence of blades does not promote any perturbation to the IMR structures, hence 
creating a stable solid boundary of the IMRs structures (Figure 5.11). Since the disc impeller 
(DI) does not generate any beneficial mixing between the IMR structures and active mixing 
regions (AMRs), the reduction in the volume of IMR structures through slow diffusive 
mechanism is only about 5%. 
On the other hand, the 4-blade disc turbine (4-DT) leads to a significant decrease in volume 
of the IMR structures to 10% of the tank volume within the dimensionless time, Ntm of 10000 
for both upper and lower envelope. The presence of blades on the 4-blade disc turbine creates 
unstable boundaries around the IMR structures. This promotes more interaction between the 
IMR structures and AMRs, allowing AMRs to penetrate into the IMR structures. The volume 
of the upper and lower envelope reduced significantly by 13% and 18% respectively using 4-
blade disc turbine. 
However, the modified 4-alternating pitched blade turbine (4-APBT) creates the smallest 
formation of the initial IMR structures as shown in both Figure 5.9 and 5.10. The volume of 
these structures decrease gradually to less than 4% of the tank volume after Ntm = 10000. The 
alternating blade arrangement of the modified 4-APBT create a ―gearbox-like‖ cross-sectional 
boundary of the IMR structures. The alternating blades generate irregular perturbation of the 
mixing flow pattern between the upper and lower boundary of the impeller. As the modified 
4-APBT rotates clockwise, the upwards facing pitched blades drive the lower boundary fluid 
upwards; while the downward facing pitched blades drive the upper boundary fluid 
downwards. This interexchange of fluid between two different boundaries promotes better 
mixing efficiency (reduced mixing time by 60%) and greater reduction of IMR structures 
initially (less than 20% of total liquid volume) compared to 4-blade disc turbine (4-DT). 
The sequences of photograph shown in Figure 5.11 demonstrate the mixing patterns for the 
three impellers at different time intervals. Ntm = 0 corresponds to the initial formation of IMR 
structures while Ntm = 60000 corresponds to the time after which the volume of IMR 
structures exhibit no further changes. Interestingly for DI, the volume of final UE is larger 
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than that for LE. This is probably because the LE is bounded by the flat tank bottom and 
walls while the UE is exposed to the free liquid surface. Therefore, the flow configurations 
for both boundaries are different; slower at the top due to free surface area and faster at the 
bottom due to enclosed tank bottom. For 4-DT and modified 4-APBT, the final UE and LE 
envelopes exhibit no significant difference in volume after Ntm = 60000. Beyond this point, 
mixing occurs only by slow diffusion between the IMR structures and AMR. 
Disc impeller (DI) 
4-Blade Disc Turbine 
(4-DT) 
4-Alternating Pitched  
Blade Turbine (4-APBT) 
   
Ntm = 0 Ntm = 0 Ntm = 0 
   
Ntm = 60000 Ntm = 60000 Ntm = 60000 
 
Figure 5.11 Flow visualization of the IMR structures using three different types of impeller and turbine 
 
5.7 Conclusions 
 
The initial IMRs volume found for 6-RT, 6-PBT and 6-HBT under steady-state impeller 
speed appears to be more than 50% of the total liquid volume. 6-PBT and 6-HBT impellers 
decrease the IMRs volume faster than 6-RT even though 6-RT has a smaller initial IMRs 
volume. The IMR structures still persist for all the three different impellers even after several 
hours of steady-speed impeller rotation within the stirred tank.  
Under unbaffled condition, the initial volume of IMRs for both 6-PBT and 6-RT is nearly 
65% of the total liquid volume when square wave speed modulation protocol is used. 
However the destruction rate of IMRs by both impellers is high in this case. The 6-PBT 
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exhibits a faster reduction rate when compared to 6-RT. Under baffled condition, the initial 
IMRs volume for both impellers is smaller than that observed under unbaffled condition, 
which demonstrates the effect of baffling on IMRs volume. The presence of baffles restricts 
the moving space for the IMRs, hence creating more chaotic mixing. 
The initial volume of IMR structures for 6-HBT is about 50% smaller than those for 6-RT 
and 6-PBT under baffled condition. Both 6-RT and 6-HBT have smaller and larger IMR core 
structures below and above the impeller, respectively. The IMR core structures still exist (~ 
less than 5% of total liquid volume) in the presence of baffles after a long period of mixing 
and can only be homogenized through slow diffusion process. 
The formation of IMR core structures are disturbed when the modified baffles are inserted in 
the space between the impeller shaft and the tank wall. The reduced space between the 
rotating impeller and modified baffles allows little entrapment of residual solution behind the 
baffles, thus reducing the amount of residual by-products. It should be noted that sudden 
insertion of baffles into the tank does not contribute to the IMRs destruction behavior as the 
formation of IMR envelopes could not be observed clearly from the video images. 
The disc impeller (DI) creates a larger initial IMR structure due to the absence of blades 
which promote perturbation to the mixing process. The DI creates a stable IMRs boundary 
which does not generate any beneficial mixing between the IMRs and AMRs. The presence 
of blades on the 4-blade disc turbine creates unstable boundaries around the IMR structures, 
which promotes more interaction between the IMRs and AMRs. Finally, the 4-APBT creates 
the smallest IMR structures due to its alternating blade arrangement which creates a 
―gearbox-like‖ cross-sectional boundary of the IMR structures. The alternating blades design 
allows interexchange of fluid between two different regions which promotes better mixing 
efficiency and greater IMRs reduction. 
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CHAPTER  
6 
 
 
CONCLUSIONS AND RECOMMENDATIONS 
 
 
 
 
 
This chapter summarises all the findings on laminar mixing 
study and includes recommendation for further study. 
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6.1 Conclusion 
 
In stirred vessels, high speed mixing or high Reynolds number mixing is not practical for 
viscous laminar flow. But low Reynolds numbers produce segregated mixing regions. 
Therefore, a dynamic technique was used to intensify the laminar mixing in a 0.39 m 
diameter unbaffled stirred tank which involved modulating the impeller speed in both 
amplitude and wave period. In impeller speed modulation, square wave and sine wave 
protocols were used and both were found to induce chaotic mixing by enhancing the 
stretching and folding of fluid within the segregated regions or isolated mixing regions 
(IMRs). However, it was found that square wave modulation is more efficient at destroying 
the IMR structures within relatively short time intervals. The combination of larger amplitude 
and shorter wave period for square wave protocol modulation intensifies the mixing process, 
resulting in the faster destruction of IMR structures. Sine wave modulation also decreases the 
volume of the IMR structures but requires a considerably longer time when compared to 
square wave modulation due to different stretching and folding mechanisms. 
The evolution of IMRs volume was determined using three different impellers (6-RT, 6-PBT 
and 6-HBT) under steady-state and unbaffled operating condition in a smaller tank of 0.19 m 
diameter. The initial volume of the IMR structures was found to be more than 50% of the 
total liquid volume for all the three impellers. With increase in dimensionless mixing time 
Ntm, 6-PBT and 6-HBT perform relatively better by reducing the volume of  IMRs from about 
62 to 10% within a dimensionless mixing time of 6000 when compared to 6-RT which took a 
longer Ntm of about 15000. The persistence of these unfavorable IMR structures even after 
long Ntm leads to inefficient mixing. The evolution of the total IMRs volume for 6-RT and 6-
PBT was studied using impeller speed modulation of square wave protocol with an amplitude 
corresponding to Remax = 20 to Remin = 10 and a constant wave period of 10s. The initial 
volume of IMRs in the tank was found to be about ~65% under unbaffled condition. The 
IMRs volume for both impellers was found to decrease with increase in Ntm. However, the 
Ntm for 6-RT was found to be greater than that for 6-PBT. Under baffled condition, the initial 
total IMRs volume for both impellers was found to be smaller than those observed for 
unbaffled condition. In addition, the rate of IMRs destruction for both impellers is faster 
under baffled condition as compared to unbaffled condition. 
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The effects of baffles and impeller types in the destruction of IMRs can be explained by 
considering the flow characteristics in the tank. The sweeping motion of each impeller blade 
pumps the fluid from the AMRs into the IMR structures. The restriction of IMRs volume 
between baffles and the rotating impellers create more chaos towards the IMR structures. The 
flow pattern of 6-PBT creates stronger downwards perturbation, forming envelope-like 
structures. However, the radial flow pattern created by 6-RT forms an even distribution of 
perturbation in the fluid within the tank, resulting in smaller UE because of the top azimuthal 
flow circulation.  
The initial formation of IMR structures varies as a function of the impeller types when 4-
blade wall baffles were installed in the tank. The initial volume of IMR structures for 6-HBT 
is about 50% smaller than 6-RT and 6-PBT. The rotation of these impellers allows about 95 -
97% of the total liquid volume in the mixing tank to be mixed well while only leaving strands 
of unmixed regions (around 2-5% of the total tank volume) within the active mixing regions 
(AMRs). 6-RT can effectively diminish the size of the IMR core structures to about 2% of the 
total liquid volume when compared to 6-PBT (~ 5%) and 6-HBT (~ 4%). The IMR core 
structures were found to be persistent even after Ntm = 35000 for these impellers even in the 
presence of 4-blade baffles at steady-state speed (240rpm). 
In the presence of modified baffles in which 4-straight blades were placed between the tank 
wall and the impeller axis, smaller IMR core structures were found to form below the 
impeller while larger IMR core structures were seen circulating above the impeller for both 6-
RT and 6-HBT. But the 6-PBT creates a radial downward flow circulation which leads to the 
formation of a ‗peach-shaped‘ IMR core structures below of the impeller. The IMR core 
structures dispersed sparely away from the impeller to form a ‗butterfly-shaped‘ structure. In 
the presence of the modified 4-blade baffles, 6-RT and 6-HBT destroy the lower envelope 
(LE) faster than the upper envelope (UE) due to the axial flow pattern created by the impeller. 
But the 6-PBT destroys the UE first before eliminating the LE shortly due to stronger 
downwards perturbation force. All the three impellers need a dimensionless mixing time of 
less than 1000 (approximately > 5 minutes) for the destruction of IMRs.  
The design of modified baffles was verified by placing them into the alkaline glycerol 
solution before acid was injected. The results shows that modified baffles placed in the liquid 
before the formation of IMRs can reduce the amount of residual by-products which are 
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usually found trapped behind conventional baffles (near to the tank wall). In addition, the 
time required for the formation of IMR envelopes and their destruction is less than 
dimensionless time of 2500 (> 10 minutes). 
In the last set of experiments, three different impellers, disc impeller (DI), 4-blade disc 
turbine (4-DT), the modified 4-alternating pitched blade turbine (4-APBT) were used in the 
0.19 m tank to determine the effect of impeller blade design. The disc impeller (DI) creates a 
larger IMR structure initially due to the absence of blades. However, the use of 4-APBT leads 
to smaller IMR structures initially (volume less than 20% of total liquid volume) and reduced 
mixing time by 60% when compared to the 4-blade disc turbine (4-DT). The alternating blade 
arrangement of the modified 4-APBT creates a ―gearbox-like‖ boundary of the IMR 
structures. The alternating blades generate irregular perturbation to the liquid between the 
upper and lower boundaries of the impeller. These observations suggest that laminar mixing 
could be enhanced by alternating the blade design.  
 
Recommendations 
With limitations in equipment sizing, such as gearbox and motor, used for the mixing process, 
process engineer are required to select the appropriate tools and machinery for the complete 
mixing to occur. However, this often is not the case because using costly equipment will 
affect the company profits. This research helps to develop better insights into the 
fundamentals of laminar mixing. However, it is recommended to carry out further studies 
using non-Newtonian fluids with different viscosities using several different impeller types 
and configurations which are normally used for turbulent mixing to enhance laminar mixing. 
Power measurements should also be included in the study to understand the relationship 
between the impeller blades design and power requirement for both Newtonian and non-
Newtonian fluids. Therefore, mixing intensification can be achieved with the choice of an 
adequate impeller speed modulation provided that it is used within the gear limits. Lastly, this 
research has opened up new opportunities, both experimentally and numerically, in the search 
of enhanced mixing processes in classical configurations by the use of smart stirred systems.  
.
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